i.e. possibly by serving as hydrogen donors for a thioredoxin-dependent peroxidase recently identified in chloroplasts of higher plants and green algae (14) (15) (16) .
In order to assess the specificity of the different cpTrx isoforms, we developed a biochemical approach where the seven presumably plastidial Arabidopsis Trxs were examined for their capacity to interact with selected targets. After having engineered cDNAs encoding putative mature forms of the proteins, we purified the corresponding recombinant proteins produced in Escherichia coli, and tested their capacity to activate their two classical chloroplastic targets, namely FBPase and NADP-MDH. We tested also their ability to serve as reductants for the chloroplastic 2-Cys peroxiredoxin (2-Cys Prx). Trx x was found to be unable to activate NADP-MDH) were produced and purified as previously described (17) (18) (19) . The chloroplastic His-tagged 2-Cys Prx from Arabidopsis, was kindly provided by M. Broin (20) .
Escherichia coli strains and plant cells-DH5α strain (21) was used to produce recombinant plasmids in high yields and BL21(DE3) (22) for the production of recombinant proteins encoded by pET-3d vectors. Bacteria were grown at 37°C on Luria broth medium supplemented with Ampicillin 50 µg/ml when bacteria carried plasmids conferring drug resistance. Cell suspensions of A. thaliana (ecotype Columbia, strain T87) were cultured as described in (23) . Plant cells were used to isolate protoplasts for transient gene expressions of GFP fusion proteins.
Plasmid construction for expression of AtTrx in bacteria-The cDNAs encoding
Arabidopsis thaliana Trxs without their putative transit peptides were obtained by PCR. The matrices used were cDNAs previously cloned in YcpGal2 yeast vectors (13 Reverse primers adding a BamHI site downstream of the stop codon were the same as in (13) .
The fragments generated by PCR were cloned into the bacterial expression vector pET-3d (24) .
The sequence of each NcoI-BamHI fragment was verified by sequencing (Big dye terminator kit, Applied Biosystems).
Production and purification of recombinant thioredoxins-The recombinant Trxs in their
putative mature forms were produced using the pET-3d/BL21 expression system. Bacteria were cultivated at 30°C for production of all Trxs, except Trx m3. The production of Trx m3 in a soluble form was improved by cultivating the bacteria at 25°C after induction with 100 µM isopropyl-β-D-thiogalactopyranoside. Cells were disrupted using the French press (10,000 PSI).
Recombinant proteins were purified essentially as described (25 Determination of the redox potentials of recombinant thioredoxins-Oxidation-reduction titrations were carried out using mBBr to monitor the reduction state of the thiol/disulfide of Trxs, the useful range of potentials being generated by different ratios of reduced to oxidized DTT. The experimental procedure was described previously (29) . All determinations were done in 100 mM Tricine-NaOH buffer, pH 7.9. 
Modeling of the 3-D structures of the various Trxs-

Subcellular localization of putative cpTRX-GFP fusion proteins-Transient expression of
chimeric cpTrxs fused to GFP in Arabidopsis protoplasts was obtained using the pBI/SmGFP vector (33) kindly provided by N. Glab. cDNA segments encoding cpTrx preproteins were obtained by PCR amplification from cDNA clones previously described (9, 13) using the following primers: were detected at 520±20 nm for GFP and 650±20 nm for chlorophyll autofluorescence.
RESULTS
Production and purification of recombinant thioredoxins-
The seven putative cpTrxs were produced in their predicted mature form (13) . They were purified to homogeneity by standard methods, however the purification of Trx m1 and m3 required an additional HPLC step because they eluted close to E. coli Trx. A standard test to detect plant Trxs is their capacity to activate NADP-MDH, as this enzyme is considered to exhibit little specificity (36) . However, during purification of Trxs m3 and x, this test proved useless, and the proteins had to be detected by their low molecular mass. In order to ascertain that these Trxs were able to reduce protein disulfide bonds, their activity was checked with the standard insulin test (27) . Trx x displayed an activity very similar to m-type Trxs. Trx m3, though less active, was more efficient than DTT (data not shown). Thus, each Trx was produced in a redox-active form.
Activation of NADP-MDH-
In order to estimate the specificity of NADP-MDH for cpTrxs, the S 0.5 (concentration of Trx yielding half maximal activation rate) and the t 1/2 of NADP-MDH activation, measured at the S 0.5 Trx concentration, were determined (Table I ). The highest efficiency was displayed by Trx f1, followed by Trxs f2, m1, m2 and m4. Confirming our previous observation, Trx m3 had a very poor affinity for NADP-MDH, if any, as the enzyme could not be fully activated even at a 130µM concentration. Trx x was also a poor activator of NADP-MDH with an S 0.5 about ten-fold higher than the S 0.5 for other Trxs. The t 1/2 was about 1 min for Trx f1 and f2 and a few min for Trxs m1 and m4. Trx m2 showed a t 1/2 of more than ten minutes. Very slow activation rates were observed for Trxs m3 and x ( Fig. 2A) , thus the t 1/2 could not be determined. This lack of activity was quite unexpected. We have shown previously that the redox potential of the C-terminal disulfide of NADP-MDH was more negative than the one of the disulfide of standard m and f Trxs by ca. 30-40 mV, requiring an excess of reduced Trx for 11 reduction (37) . In contrast, the N-terminal disulfide is almost isopotential with Trxs. In order to check whether a difference in redox potentials might be the cause of the inefficiency of Trxs x and m3, we tested the ability of these two Trxs to activate a mutant NADP-MDH where only the N-terminal disulfide remains (C207A/C365A/C377A mutant). This mutated enzyme exhibits some basal activity in the oxidized form but requires reduced Trx to reach full activation (19) .
The mutant NADP-MDH could be activated to some extent by Trxs m3 and x, though at a markedly slower rate than with Trx m1. The activity of Trx m3 was particularly low (Fig. 2B) . (Table II) . In fact, the E m of most Trxs were similar, around an average value of -358 mV at pH 7.9. The E m value of Trx x (-336 mV) was significantly less negative.
Redox potential determinations-
Activation of FBPase-Chloroplast FBPases are known to be activated very specifically by
Trx f. Our results confirmed this specificity: only f-type AtTrxs could significantly activate the enzyme (Fig. 2C) . This result is supported by the determination of S 0.5 and t 1/2 . Trxs m and x were so inefficient that neither S 0.5 , nor t 1/2 could be estimated. Trxs f1 and f2 had similar low S 0.5 and t 1/2 .
This result confirms that f-type Trxs are the specific activators of FBPase, both isoforms being equally efficient.
Reduction of chloroplastic 2-Cys peroxiredoxin-A Trx-dependent 2-Cys chloroplastic
peroxidase has been identified recently, but its specificity for cpTrxs has not been extensively tested (15, 16) . This Prx uses reduced Trx as a proton donating substrate for hydrogen peroxide and alkyl hydroperoxides reduction. The capacity of the various cpTrxs to reduce 2-Cys Prx from
A. thaliana was compared by measuring the rates of disappearance of t-BOOH in the presence of
Trx. In this test, Trx x proved to be by far the most efficient (Fig. 2D) (Table III) coli) and introduces a kink in the alpha2 helix (40) . These specific features are likely to be strong determinants in the interaction of this Trx isoform with target proteins that are still to be discovered. The values are the average of at least 2 independent titrations, with average deviations of +/-5 mV. They were independent of the total concentration of DTT and of redox equilibration time. nd: not determined. GFP: non-addressed GFP. The black bar corresponds to 10 µm.
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